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Self-Assembling Nanofibers Inhibit Glial Scar Formation and
Promote Axon Elongation after Spinal Cord Injury
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Peptide amphiphile (PA) molecules that self-assemble in vivo into supramolecular nanofibers were used as a therapy in a mouse model
of spinal cord injury (SCI). Because self-assembly of these molecules is triggered by the ionic strength of the in vivo environment,
nanoscale structures can be created within the extracellular spaces of the spinal cord by simply injecting a liquid. The molecules are
designed to form cylindrical nanofibers that display to cells in the spinal cord the laminin epitope IKVAV at nearly van der Waals density.
IKVAV PA nanofibers are known to inhibit glial differentiation of cultured neural stem cells and to promote neurite outgrowth from
cultured neurons. In this work, in vivo treatment with the PA after SCI reduced astrogliosis, reduced cell death, and increased the number
of oligodendroglia at the site of injury. Furthermore, the nanofibers promoted regeneration of both descending motor fibers and ascend-
ing sensory fibers through the lesion site. Treatment with the PA also resulted in significant behavioral improvement. These observations
demonstrate that it is possible to inhibit glial scar formation and to facilitate regeneration after SCI using bioactive three-dimensional

nanostructures displaying high densities of neuroactive epitopes on their surfaces.
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Introduction

Spinal cord injury (SCI) often leads to permanent paralysis and
loss of sensation below the site of injury because of the inability of
damaged axons to regenerate in the adult CNS. Various ap-
proaches have been used to treat SCI with notable but, unfortu-
nately, limited success (Thuret etal., 2006). We report here on the
use of a molecularly designed bioactive matrix without exoge-
nous proteins or cells as a different therapeutic approach for SCI.
The matrix is composed of peptide amphiphile (PA) molecules
that self-assemble from aqueous solution into cylindrical nano-
fibers that display bioactive epitopes on their surfaces (Hart-
gerink et al., 2001, 2002; Silva et al., 2004) (Fig. 1; supplemental
Figs. 1-3, available at www.jneurosci.org as supplemental mate-
rial). The cylinders have a well defined diameter in the range of
6—8 nm and consist of B-sheet assemblies that tend to be parallel
to the nanofibers (Jiang et al., 2007). Because each molecule con-
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tains an epitope sequence at its hydrophilic terminus, the nano-
structures assembled in an aqueous medium are able to display
bioactive sequences perpendicular to their long axis at nearly van
der Waals density. This intensifies the epitope density compared
with laminin by a factor of 107 (Silva et al., 2004).

We reported previously on a negatively charged PA incorpo-
rating the neuroactive pentapeptide epitope from laminin,
isoleucine-lysine-valine-alanine-valine (IKVAV) (Silva et al,,
2004). Addition of physiological fluids to dilute aqueous solu-
tions of this PA leads to spontaneous formation of nanofibers in
vitro and in vivo (Silva et al., 2004). In our previous studies, the
nanofibers containing the IKVAV epitope were found to pro-
mote outgrowth of processes from cultured neurons and to sup-
press astrocytic differentiation of cultured neural progenitor cells
(Silva et al., 2004). The suppression of astrocytic differentiation
was not observed when using a simple IKVAV peptide, the pro-
tein laminin, or a control PA that did not contain the neuroactive
epitope and that instead had the nonbioactive sequence EQS at
one terminus (EQS PA) (Silva et al., 2004). Furthermore, the PA
promoted copious neurite outgrowth that far exceeded what was
observed with either laminin or IKVAV peptide. Thus, the bio-
logical effects of the IKVAV PA differ strikingly from those of
either laminin or IKVAV peptide. These observations suggested
that injection of the bioactive amphiphile after SCI might reduce
astrogliosis and possibly promote axon outgrowth.

Materials and Methods

Mouse spinal cord injuries, amphiphile injections and animal care. All an-
imal procedures were undertaken in accordance with the Public Health
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Figure 1.
nanofibers interwoven to produce the IKVAV PA. b, Scanning electron micrograph image shows the network of nanofibers in
vitro. Scale bar, 200 nm.

Service Policy on Humane Care and Use of Laboratory Animals. The
Institutional Animal Care and Use Committee approved all procedures.
Female 129 Sv] mice (10 weeks of age; The Jackson Laboratory, Bar
Harbor, ME) were anesthetized using Avertin intraperitoneally. After
laminectomy at the T10 vertebral segment, the spinal cord was com-
pressed dorsoventrally by the extradural application of a 24 g modified
aneurysm clip for 1 min (FEJOTA mouse clip). After SCI, the skin was
sutured using AUTOCLIP (9 mm; BD Biosciences, San Jose, CA). Post-
operatively, animals were kept under a heat lamp to maintain body tem-
perature. A 1.0 ccinjection of saline was given subcutaneously, which was
repeated daily for the first week after the injury. Bladders were manually
emptied twice daily throughout the duration of the study. In the event of
discomfort, buprenex (2 mg/kg, s.c., twice daily) was administered. Gen-
tamycin was administered once daily in the event of hematuria (20 mg/
kg) subcutaneously for 5 d. Mice that exhibited any hindlimb movement
24 h after the injury were excluded from the study.

PA (1% aqueous solution) or vehicle was injected 24 h after SCI using
borosilicate glass capillary micropipettes (Sutter Instruments, Novato,
CA) (outer diameter, 100 um) coated with Sigmacote (Sigma, St. Louis,
MO) to reduce surface tension. The capillaries were loaded onto a Ham-
ilton syringe using a female luer adaptor (World Precision Instruments,
Sarasota, FL) controlled by a Micro4 microsyringe pump controller
(World Precision Instruments). The amphiphile was diluted 1:1 with a
580 uM solution of glucose just before injection and loaded into the
capillary. Under Avertin anesthesia, the autoclips were removed and the
injury site was exposed. The micropipette was inserted to a depth of 750
pm measured from the dorsal surface of the cord, and 2.5 ul of the
diluted amphiphile solution or vehicle was injected at 1 ul/min. The
micropipette was withdrawn at intervals of 250 wm to leave a trail (ven-
tral to dorsal) of the IKVAV PA in the cord. At the end of injection, the
capillary was left in the cord for an additional 5 min, after which the
pipette was withdrawn and the wound closed. For all experiments,
the experimenters were kept blinded to the identity of the animals.

Animal perfusions and tissue acquisition. Animals were killed using an
overdose of halothane anesthesia and transcardially perfused with 4%
paraformaldehyde in PBS. The spinal cords were dissected and fixed
overnight in 30% sucrose in 4% PFA. The spinal cords were then frozen
in Tissue-Tek embedding compound and sectioned on a Leica (Deer-
field, IL) CM3050S cryostat. Longitudinal sections (20 wm thick) were
taken.

GFAP quantitation. Sections were rinsed with PBS twice and then
incubated with anti-glial fibrillary acidic protein (GFAP; 1:250; mouse
monoclonal IgG1; Sigma) for 1 h at room temperature. After this, sec-
tions were rinsed thrice with PBS and incubated with Alexa Fluor-
conjugated anti-mouse IgG1 secondary antibodies (1:500; Invitrogen,
Carlsbad, CA) for 1 h at room temperature. Sections were finally rinsed
thrice with PBS and then incubated with Hoechst nuclear stain for 10
min at room temperature. After a final rinse with PBS, they were
mounted using Prolong Gold anti-fade reagent (Invitrogen) and imaged
using a Zeiss (Thornwood, NY) UVLSM-Meta confocal microscope. Af-

Structure of IKVAV PA. a, Schematic representation showing individual PA molecules assembled into a bundle of
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ter immunostaining, we measured the fluores-
cence intensity of GFAP immunoreactivity to
estimate the fold increase in GFAP levels around
the lesion over baseline levels in uninjured parts
of the cord. We also compared the GFAP fluo-
rescence intensity to levels in spinal cord of nor-
mal uninjured animals. For each animal, sec-
tions at equivalent mediolateral depth were used
for analysis. Because we knew the right-left
thickness of each spinal cord, we could pick sec-
tions at the equivalent mediolateral depths in
different animals very accurately. Furthermore,
the mediolateral thickness of the cord was not
observed to be different between IKVAV PA-
injected and control animals. Confocal scans in
the lesioned area were taken immediately adja-
cent to the area of peak infiltration (supplemen-
tal Fig. 4, available at www.jneurosci.org as sup-
plemental material), where we observed the
most intense GFAP immunoreactivity. Each
scan was performed using identical laser power, gain, and offset values.
These values were set such that the pixels in the images of the lesioned
area did not saturate, and those in uninjured areas were not too dim
(intensity sufficiently above zero). Z-stacks of the scans were recon-
structed using LSM image browser (Zeiss). Fluorescence quantitation
was performed by converting the entire Z-stack into a monochrome (.tif)
image and subsequently measuring the intensity of each pixel. Each pixel
has a grayscale that ranges from 0 to 255. The total pixel intensity of each
stack was integrated using the MetaMorph 2.6 software. Intensity values
at the lesioned area for each individual section were normalized to the
baseline values derived from scans taken over uninjured parts of the same
section, which we have defined as 1 mm away from the edge of the area of
increased GFAP immunoreactivity. We also normalized the intensity of
gliosis at the lesion site to the values obtained from an uninjured cord
(supplemental Fig. 6, available at www.jneurosci.org as supplemental
material). For each section, four sites (two rostral and two caudal to the
lesion epicenter) in the lesioned area and three in the uninjured area
(spanning both gray and white matter) were scanned. At least four sec-
tions were analyzed for each animal in such a manner. The total intensity
values were then averaged for each group. The final fluorescence values
were therefore expressed as fold increases over the baseline (uninjured
area) values for individual sections, which were then grouped for each
animal for comparison between IKVAV PA and vehicle-injected groups.
Apoptotic cell death and oligodendrocyte density quantification. Sections
were boiled in 10 mm sodium citrate for 20 min and then cooled to room
temperature. They were then incubated in blocking solution [PBS con-
taining 10% BSA, 1% normal goat serum (NGS), and 0.25% Triton
X-100] for 1 h at room temperature. After this, the sections were incu-
bated in primary antibody solution (PBS with 1% NGS and 0.25% Triton
X-100) overnight at 4°C. After three 1 X PBS washes on the next day, the
sections were incubated with the appropriate secondary antibody (1:500)
for 1 h at room temperature and then rinsed with PBS and stained with
Hoechst nuclear stain as already described above. Antibodies used were
anti-APC/mAb CC1 (1:200; EMD Biosciences, San Diego, CA) and anti-
cleaved caspase-3 (1:200; Cell Signaling Technology, Danvers, MA).
Similar to the quantification of GFAP levels, sagittal sections in all
animals were taken at the equivalent mediolateral depths. The lesion was
defined as the area marked by dense infiltration, and apoptotic cells were
counted both in the epicenter and 400 wm rostral and caudal to it. CC1-
positive cells were counted 400 wm rostral and caudal to the lesion. The
area analyzed spanned the entire dorsoventral thickness of the cord.
Tract tracing and analysis. At 1 d or 9 weeks after injury, mice were
anesthetized with Avertin and were injected with mini-ruby-conjugated
BDA (Invitrogen) using a 10 ml Hamilton microsyringe fitted with a
pulled-glass micropipette. For dorsal column labeling, 2 ul were injected
just distal to the L5 dorsal root ganglion. The corticospinal tract was
labeled with three injections (0.5 ul each) made at 1.0 mm lateral to the
midline at 0.5 mm anterior, 0.5 mm posterior, and 1.0 mm posterior to
bregma, and at a depth of 0.5 mm from the cortical surface. Animals were
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Figure 2.
rostral, top). b— e, Longitudinal sections of spinal cord showing the fluorescent IKVAV PA is present at 2 weeks after injection only in IKVAV PA-injected animals () versus control (uninjected; b),
but by 4 weeks, the IKVAV PA has mostly biodegraded, as seen in the IKVAV PA-injected animals (e) compared with uninjected animals (d). Scale bars: a, 100 m, b—e, 50 m.

killed 14 d after BDA injection and perfused. Floating 20 um sagittal
serial sections were each collected and washed three times in 1X PBS and
0.1% Triton X-100, incubated overnight at 4°C with avidin and biotin-
ylated horseradish peroxidase (Vectastain ABC Kit Elite; Vector Labora-
tories, Burlingame, CA), washed again three times in 1X PBS, and then
reacted with DAB in 50 mm Tris buffer, pH 7.6, 0.024% hydrogen per-
oxide, and 0.5% nickel chloride. Every section was collected serially so
that individual axons could be traced from section to section. Sections
were then transferred to PBS and mounted in serial order on microscope
slides using a weak mounting media containing 0.1% gelatin and 10%
ethanol in PBS. Tracts were traced using Neurolucida imaging software
(MicroBrightField, Williston, VT) for each axon that was labeled within
a 500 wm distance rostral to the lesion for corticospinal tract analysis and
caudal to the lesion for dorsal column analysis.

Results

A unique feature of the PA is its ability to self-assemble into
nanofibers when it is injected into tissue and contacts cations
(Silva et al., 2004). To test the in vivo properties of the IKVAV PA
as well as the therapeutic effects on recovery, we used a clip com-
pression model of SCI that produces a consistent injury in mice
where an initial impact is followed by persistent compression
analogous to most cases of human SCI (Joshi and Fehlings,
2002a,b). Parameters were chosen to produce a particularly se-
vere injury. Because a PBS buffer would trigger self-assembly and
make the PA gel before injection, an isotonic glucose solution was
used for injections of PA. We first tested the stability of the bio-
degradable IKVAV PA nanofibers. At 24 h after SCI, the lesion
site was injected with a fluorescent derivative of the IKVAV PA
(PA2 in supplemental Figs. 1-3, available at www.jneurosci.org as
supplemental material). Longitudinal sections of spinal cord

IKVAV PA solution self-assembles in vivo. a, Phase (left) and fluorescent (right) images showing the fluorescent IKVAV PA in the injured spinal cord 24 h after injection (dorsal, left;

show that the fluorescent IKVAV PA is present at 2 weeks, but by
4 weeks, the IKVAV PA has mostly biodegraded. Therefore, the
stability of the IKVAV PA was found to be on the order of weeks
(Fig. 2).

Functional recovery after SCI

We used the Basso, Beattie and Bresnahan (BBB) locomotor scale
modified for the mouse (Basso et al., 1996; Joshi and Fehlings,
2002a) to assess behavioral recovery from experimental SCI. For
this and all subsequent experiments, the experimenters were kept
blinded to the identity of the animals. At 24 h after SCI, the lesion
site was injected with IKVAV PA, the nonbioactive EQS PA, or
glucose, and some animals received sham injection. At 9 weeks
after SCI, the EQS PA, sham injection, and glucose groups did not
differ from one another, and all scored significantly less than the
IKVAYV PA group (Fig. 3a). Notably, injection of IKVAV peptide
alone did not promote functional recovery (Fig. 3b), indicating
that both the nanostructure of the PA and the IKVAV sequence
are necessary for the beneficial effects on behavior. The nearly
identical scores for the three control groups are also identical to
those of animals in previous studies that received a complete
transection of the spinal cord (Joshi and Fehlings, 2002a). A glu-
cose control group was therefore used for comparison with
IKVAV PA in all of the subsequent experiments in which animals
were analyzed anatomically. In the behavioral analysis of the an-
imals used for the anatomic studies, there were no distinguishable
differences between the control and IKVAV PA groups until 5
weeks (Fig. 3c). However, at 5 weeks and thereafter, the IKVAV
PA-injected group displayed significant behavioral improvement
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Figure 3.  IKVAV PA promotes functional recovery as analyzed by the BBB scale. a, Graph

shows mean mouse BBB locomotor scores at 9 weeks after SCl for animals receiving injections of
glucose, EQS PA, IKVAV PA, or sham injection. The IKVAV PA group differed from all others at
p < 0.045.n = 7. Because there was no difference among these controls, glucose was used in
the subsequent experiment depicted in ¢. b, IKVAV peptide was injected at the same manner as
the IKVAV PA. There were no significant differences in the BBB scores of animals injected with
IKVAV peptide compared with sham controls. ¢, The graph shows mean mouse BBB locomotor
scores between IKVAV PA and glucose injections after SCI. The IKVAV (n = 15) and glucose (n =
14) groups differ from each other at p << 0.04 by ANOVA with repeated measures. *Tukey's HSD
post hoc t tests showed that scores differed at p << 0.045 at every time point 5 weeks after SCI
and thereafter.

compared with the glucose control. At 9 weeks, the mean BBB
score for the control group was 7.03 * 0.8, whereas the mean
score for the IKVAV PA-injected group was 9.2 = 0.5 ( p < 0.04).
Importantly, this represents significant functional recovery, be-
cause a score of 7 implies no functional movement despite an
extensive range of movement in all three joints in the hindlimb,
whereas a score of 9 indicates dorsal stepping in which the animal
steps on the dorsal side of its foot during locomotion, i.e., the
hindlimb movement has a functional use.

Effects of IKVAV PA on astrogliosis

Because the IKVAV PA produced significant long-term func-
tional improvement, it seemed likely that it had altered cellular
events, such as glial scar formation and cell death, that prevent
recovery from SCI. Astrogliosis after neural injury involves an
early hypertrophic (increased cell size) as well as a hyperplastic
(increased cell number) response (Fawcett and Asher, 1999;
Faulkner et al., 2004). At 4 d after SCI, GFAP immunohistochem-
istry revealed no apparent difference between the treated and
control animals (Fig. 4a,d). However, at 5 weeks and 11 weeks
after SCI, there was an obvious reduction in astrogliosis in the
IKVAV PA-injected group (Fig. 4b,c). To quantify these changes,
we measured the intensity of GFAP immunofluorescence in the
lesion site normalized to baseline levels in the same cord 1 mm
from the lesion (Fig. 4d) and found a significant reduction in the
treated group (2.56 = 0.6 for IKVAV PA; 3.31 = 0.9 for controls;
p < 0.02 at 5 weeks; and 2.0 = 0.1 for IKVAV PA; 2.7 = 0.2 for
controls; p < 0.04 at 11 weeks). In contrast, there was no differ-
ence in GFAP in animals that received nonbioactive PA (EQS)
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Figure 4.  IKVAV PA attenuates astrogliosis in vivo after SCl. a— ¢, Representative confocal
Z-stacks of injured areas stained with GFAP in control and IKVAV PA-injected animals. The lesion
is defined as the area marked by dense infiltration (Okada et al., 2006). The two groups do not
differat4d (a), butat 5 weeks (b) and 11 weeks (c), thereis significantly less glial scarring in the
IKVAV PA-injected animals. d, GFAP immunofluorescence levels (expressed as fold increases
over uninjured areas) in the IKVAV PA-injected animals are significantly reduced compared with
control animals at 5 and 11 weeks (*p << 0.02, **p << 0.04 by ¢ test). Scale bar, 20 pm.

compared with glucose. Results were similar when the GFAP
immunofluorescence was normalized to intensity values in nor-
mal, uninjured spinal cords (supplemental Fig. 6, available at
www.jneurosci.org as supplemental material). Thus, injection of
the IKVAV PA suppressed progression of astrogliosis at the lesion
site but did not alter the initial reactive hypertrophy that may be
essential for repairing the blood—brain barrier and restoring ho-
meostasis (Faulkner et al., 2004; Okada et al., 2006).
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Figure 5.  Apoptotic cell death is reduced in IKVAV PA-injected animals. a, b, Collapsed
confocal Z-stacks of 20- m-thick spinal cord sections (red, activated caspase-3; blue, Hoechst
nuclear stain). The IKVAV PA-injected animals had fewer cleaved caspase-3-positive cells in
every 20-m-thick section in the lesion (defined as the area marked by dense infiltration; b, d;
**p < 0.008 by t test) and as far as 400 m rostral and caudal to the lesion (a, d; *p << 0.001
by t test). ¢, Confocal Z-stacks of 20- um-thick sections within 400 um of the lesion (red, CC1;
blue, Hoechst) reveals an increased density of OLs in the IKVAV PA-injected animals. See text for
quantitation. Scale bar, 20 wm.

Effects of IKVAV PA on cell death

The waves of apoptotic cell death that occur after SCI are also
detrimental to functional recovery (Crowe et al., 1997; Beattie et
al., 2002). We quantified cell death late in the second phase of
apoptosis using cleaved caspase-3 immunohistochemistry at 10 d
after SCI (Liu et al., 1997; Beattie et al., 2002). In IKVAV PA-
injected animals, there were significantly fewer cells undergoing
apoptosis both in the area of maximal cell infiltration (lesion;
44.7 = 3.06 for vehicle vs 34.3 = 2.02 for IKVAV PA; p < 0.008)
(Fig. 5b,d) and on either side of the lesion (30.8 = 4.26 for vehicle
and 16.3 £ 1.25 for IKVAV PA; p < 0.001) (Fig. 5a,d). Because
there is typically significant oligodendroglial (OL) death at this
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stage after injury (Beattie et al., 2002), we used CC1 immunohis-
tochemistry (Beattie et al., 2002) to measure OL density in the
same area adjacent to the lesion, where we found a decreased
incidence of cell death after IKVAV PA injection. There was a
significant increase in the number of CC1+ cells in the IKVAV
PA-injected animals (64.4 = 4.75 cells per 0.25 mm~ for vehicle
vs 85.8 £ 6.56 after IKVAV PA; p < 0.025), suggesting enhanced
OL survival (Fig. 5¢). Thus, IKVAV PA injection increased OL cell
numbers concurrent with reduced apoptotic cell death and re-
duction of glial scar formation.

Tract tracing of motor axons

We used tract-tracing techniques with BDA to determine
whether the amphiphile injection could support regeneration of
injured motor and sensory axons. Representative traces and pic-
tures of corticospinal tract tracing from an IKVAV PA-injected
and a vehicle-injected animal at 11 weeks after injury (Fig. 6a—f)
illustrate the marked difference (Fig. 6h) between the treated and
control groups. Almost 80% of all labeled corticospinal axons in
the IKVAV PA group entered the lesion compared with ~50% of
the fibers in control animals (Fig. 6h). No fibers in the control
animals were ever detected as far as 25% of the way across the
lesion. In contrast, ~50% of the fibers in the treated group pen-
etrated half of the way through the lesion, and ~45% of the fibers
penetrated three-quarters of the distance. Strikingly, ~35% of all
of the labeled corticospinal fibers actually grew through the lesion
and entered the spinal cord caudal to the lesion. The fibers took
meandering, unusual courses through the lesion site and termi-
nated after growing through the lesion. Nevertheless, to further
exclude the possibility of axon sparing, BDA labeling was exam-
ined at 2 weeks after injury in a separate group (Fig. 6¢). At this
time, axons were heavily labeled with BDA, indicating intact in-
tegrity of axoplasmic transport, and the number of labeled axons
near the rostral end of lesion did not differ between IKVAV PA-
injected and control animals or between the 2 week and 11 week
groups. At 2 weeks after injury, no fibers in either group were ever
observed even 25% of the way through the lesion, demonstrating
that spared fibers were not present in any animals. Together,
these findings strongly support the thesis that the bioactive nano-
fibers promoted regeneration of CST motor fibers.

Tract tracing of sensory axons

Representative traces and pictures of sensory axon tracing from
IKVAV PA-injected and vehicle-injected animals at 11 weeks af-
ter injury (Fig. 7a—f) illustrate the marked difference between the
treated and control groups that received BDA injections. Ap-
proximately 60% of labeled axons in the IKVAV PA group en-
tered the lesion compared with only ~20% of the fibers in con-
trols (Fig. 7h). Only rare fibers in controls grew 25% of the way
across the lesion, and no fibers in controls penetrated as far as
50%. In contrast, ~35% of the fibers in the treated group pene-
trated 25% of the way through the lesion, and ~25% of the fibers
penetrated 50% of the distance. Importantly, ~10% of the fibers
actually grew through the lesion and entered the spinal cord ros-
tral to the lesion. Again to further exclude the possibility of axon
sparing, BDA labeling was examined at 2 weeks after injury in a
separate group (Fig. 7g). At this time, axons were heavily labeled
with BDA, indicating the integrity of axoplasmic transport, and
the number of labeled axons near the caudal end of lesion did not
differ between IKVAV and control. At 2 weeks after injury, no
fibers in either group were ever observed penetrating even as far
as 25% of the way through the lesion, demonstrating that spared
fibers were not present. In toto, these findings support the thesis
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IKVAV PA promotes regeneration of motor axons after SCl. a, b, Representative Neurolucida tracings of BDA-labeled descending motor fibers within a distance of 500 um rostral of the lesion in

vehicle-injected () and IKVAV PA-injected (b) animals. The dotted lines demarcate the borders of the lesion. ¢—f, Bright-field images of BDA-labeled tracts in lesion (c, e) and caudal to lesion (d, f) used for
Neurolucida tracings in an IKVAV PA-injected spinal cord (a, b). g, h, Bar graphs show the extent to which labeled corticospinal axons penetrated the lesion. *The groups representing three control and three
IKVAV PA mice and the tracing of 130 individual axons differ from each other at p << 0.03 by the Wilcoxon rank test. R, Rostral; C, caudal; D, dorsal; V, ventral. Scale bars: a—d, 100 pem; e—f, 25 um.

that the bioactive nanofibers promoted regeneration of sensory

fibers.

Illustration of the unusual course and morphology of

traced axons

The Neurolucida drawings in Figures 6 and 7 are two-
dimensional reconstructions of a three-dimensional phenome-
non and therefore do not completely demonstrate the unusual
courses of the axons. To further illustrate this process, montages
of sections and focal planes were assembled for a single represen-
tative axon from Figure 7 (Figs. 8, 9; supplemental Fig. 7, avail-
able at www.jneurosci.org as supplemental material). These fi-
bers met the rigorous published criteria (Steward et al., 2003) for
distinguishing regeneration from sparing of axons. Notably, the
fibers took meandering, unusual courses through the injured tis-
sue (Figs. 8, 9; supplemental Fig. 7, available at www.jneurosci.org as
supplemental material), terminated at varying distances after
passing through the lesion site, and displayed unusual morphol-
ogies not characteristic of normal axons (Figs. 7-9).

Discussion

Although adult CNS neurons have the intrinsic capacity to regen-
erate axons after injury (Richardson et al., 1980), axon elongation
and functional recovery after SCI is limited because of an unfa-
vorable extracellular milieu (Silver and Miller, 2004; Thuret et al.,
2006). In this study, we sought to develop a clinically relevant
technique for providing an environment that might foster recov-
ery from injury. We specifically used an injury model that mimics
the type of injury seen in the clinic and we implemented therapy
with a delay after experimental injury that is relevant to the time
elapsed from clinical injury to hospital or spinal stabilization. The
efficacy of the IKVAV PA despite the severity of the injury and
delay in treatment highlights its unique ability to provide an en-
vironment conducive to recovery after SCI.

Cellular actions of the IKVAV PA

In previous studies, we investigated PA containing the bioactive
sequence, IKVAV, and the nonbioactive sequence EQS for their
effects on cultured neural progenitor cells and neurons (Silva et
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Figure7.

IKVAV PA promotes regeneration of sensory axons after SCl. a, b, Representative Neurolucida tracings of BDA-labeled ascending sensory fibers within a distance of 500 um of the lesion

epicenter in vehicle-injected (a) and IKVAV PA-injected (b) animals. The dotted lines demarcate the borders of the lesion. ¢—f, Bright-field images of BDA-labeled tracts in lesion (¢, e) and rostral
to lesion (d, f) used for Neurolucida tracings in an IKVAV PA-injected spinal cord (a, b). The top arrowhead points to an axon tip that morphologically resembles a growth cone. g, h, Bar graphs
showing the extent to which labeled dorsal column axons entered and grew through the lesion. **The groups (representing 4 control and 4 IKVAV PA mice and the tracing of 185 individual axons)
differ from each other at p << 0.05 by the Wilcoxon rank test. R, Rostral; C, caudal; D, dorsal; V, ventral. Scale bars: a-d, 100 um; ef, 25 um.

al., 2004). As predicted, the IKVAV PA promoted copious out-
growth of neurites from cultured neurons (Silva et al., 2004).
Unexpectedly, however, the IKVAV PA suppressed astroglial dif-
ferentiation of cultured neural progenitor cells (Silva et al., 2004).
The IKVAV sequence was necessary for the effects of the mol-
ecule on progenitor cells and neurons. However the IKVAV
PA exerted effects strikingly different from either IKVAV pep-
tide alone or laminin, indicating that the nanostructure of the
molecule as well as the IKVAV sequence is necessary for its
biological actions (Silva et al., 2004) (supplemental Fig. 5,
available at www.jneurosci.org as supplemental material).
This may reflect the extraordinary density of epitope pre-
sented by the matrix, estimated to be 10°-fold greater than
that of laminin (Silva et al., 2004). Interestingly, the IKVAV
PA did not alter the initial astrocytic hypertrophy after injury,
indicating that this signaling mechanism does not affect hy-
pertrophy and process extension in astrocytes. In turn, this
suggests a duality of signaling pathways that regulate astro-
cytic hypertrophy versus hyperplasia. Although formation of

the astroglial scar is a major impediment to axonal regenera-
tion after SCI, astrogliosis after CNS injury also serves benefi-
cial functions, such as repairing the blood—brain barrier and
reducing infiltration by circulating cells (Bush et al., 1999;
Faulkner et al., 2004; Okada et al., 2006), which may be critical
for restoring homeostasis. These effects have been attributed
to the initial reactive hypertrophy (Bush et al., 1999; Faulkner
et al., 2004; Okada et al., 2006), which is unaltered in the
IKVAV PA-injected animals. Thus the IKVAV PA appears to
allow these beneficial events to occur while nevertheless lim-
iting the progression of gliosis that impedes axon outgrowth.

The IKVAYV nanofibers do not alter survival of cultured neural
cells, and it is thus unclear why they ameliorated apoptosis in the
injured spinal cord. Injection of the PA increased the number of
OLs in the injured spinal cord, and it seems likely that this reflects
enhanced survival of OLs that undergo apoptosis after SCI
(Schwab and Bartholdi, 1996; Popovich et al., 1997; Dumont et
al., 2001). However, it is also possible that the IKVAV PA fostered
generation of OLs from precursor cells. Regardless of the mech-
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Figure8. Montage of spinal cord sections illustrates the third dimension of axon regenera-
tion. The Neurolucida drawings in Figures 6 and 7 are two-dimensional reconstructions of a
three-dimensional phenomenon, and they therefore do not fully demonstrate the very unusual
courses and morphologies of axons passing through the lesioned area. To further demonstrate
the type of path taken by axons in the IKVAV PA-treated lesions, seven bright-field sections
containing a representative axon from Figure 7 were assembled (for orientation, see supple-
mental Fig. 7, available at www.jneurosci.org as supplemental material). These seven sections
represent only a small part of the total of 94 sections for this spinal cord. Note the meandering,
unusual course of the fiber through the injured tissue and that it migrates out of and back into
individual sections and across different sections. Also note that the fiber terminates rostral to
the lesion after passing through the lesion site. The numbers label the individual images of the
combined montage in Figure 9 and in supplemental Figure 7 (available at www.jneurosci.org as
supplemental material).

anisms, the increased number of OLs at the site of injury could
facilitate remyelination of axons that traverse the lesion
(Keirstead and Blakemore, 1999; Keirstead et al., 2005; Karimi-
Abdolrezaee et al., 2006).

Tract tracing
Tract tracing demonstrated that both motor and sensory axons
were able to traverse the area of injury in the treated spinal cord.

J. Neurosci., April 2, 2008 - 28(14):3814-3823 - 3821

Figure 9.  Combined montage flattens the representative axon to two dimensions to dem-
onstrate the unusual morphology of the axon as it passes through the lesion. The Neurolucida
tracings in Figures 6 and 7 follow the course of individual axons in three dimensions by tracing
them from section to section and displaying their courses in a usable two-dimensional form. The
drawing does not reflect the unusual morphologies of the axons. To demonstrate this, the
separate sections of Figure 8 were aligned in a montage to display the course of a single axon as
it starts at the caudal end of the lesion, passes through the lesion, and terminates rostral to the
lesion. Note the unusual course and morphology, and that the axon terminates within normal
tissue rostral to the lesion.
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These axons originated near the site of injury, took unusual
courses through the injury site, extended at a plausible rate (3—11
weeks to traverse the injury site), and displayed unusual mor-
phologies not characteristic of normal axons (Figs. 6-9). Impor-
tantly, all labeled axons terminated at variable distances after
crossing the lesion, making the sparing of axons unlikely (Stew-
ard et al., 2003), particularly in view of the severity of injury.
Thus, these axons fulfilled the published criteria for distinguish-
ing spared from regenerated axons (Steward et al., 2003). Fur-
thermore, no axons could be detected traversing the injury site 2
weeks after the injury, strongly mitigating against the possibility
that there were spared axons, although this possibility cannot be
totally excluded. The regeneration of these fibers occurred be-
tween 2 weeks and 11 weeks after injury; however, the stability of
the nanofibers in the spinal cord is on the order of weeks. There-
fore, this regeneration must have occurred during or after the
degradation of the material. We propose two possible explana-
tions for the axonal elongation. First, many of the effects of the
PA, including the increase in the number of oligodendrocytes, the
reduction in cell death, and the initial suppression of astrogliosis,
occur before degradation of the material. It is thus possible that
some of the effects on axon elongation are secondary to these
changes. Second, our previous publication demonstrated that the
PA promotes an extraordinarily rapid effect on neurite produc-
tion in vitro (Silva et al., 2004), and it is possible that i1 vivo the
intracellular responses of neurons to the PA persist beyond the
lifetime of detectable material in the spinal cord.

The timing of the degradation of the IKVAV PA may be im-
portant for its success in facilitating growth of fibers through the
lesion site. Permanent grafts using Schwann cells or other non-
biodegradable materials can effectively promote axonal growth
into, but not through, the transplanted material or tissue, because
regenerating axons will not exit the favorable microenvironment
of the graft (Bunge, 2001). In contrast, degradation of the IKVAV
PA after ingrowth of axons may have allowed regenerating axons
to continue to grow past the lesion site.

Artificial scaffolds and SCI

Numerous previous studies have used a variety of natural (e.g.,
collagen, agarose, and alginates) and synthetic (e.g., poly
a-hydroxy acids and polyvinylchloride) polymers for repair of
the damaged spinal cord or brain (Teng et al., 2002; Stokols and
Tuszynski, 2004, 2006; Jain et al., 2006). In some instances, the
scaffolds were coated with laminin or other constituents of the
ECM before implantation into the nervous system. A unique
feature of the PA used in this study is its ability to self-assemble
into nanofibers after being injected as a liquid into the spinal
cord. This material can be injected into an uninjured spinal cord
without behavioral sequellae (our unpublished observations).
Another unique feature that distinguishes it from most previous
scaffolds is that a signaling sequence has been incorporated into
its backbone to enable it to act in an instructive manner on sur-
rounding cells. This is an important advance, because it allows us
to use biologically relevant epitopes, like the IKVAV sequence,
that elicit responses different from those of the parent molecule.
Notably the IKVAV PA caused cellular changes, including reduc-
tions in both gliosis and cell death, as far away as 400 um from the
injection site.

Although the IKVAV PA promoted functional improvement,
only partial recovery was seen, and the relationship between the
behavioral improvement and the observed axon regeneration is
unclear. Molecular structuring of the molecule or supramolecu-
lar structuring of the nanofibers to include other bioactive se-
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quences in addition to IKVAV (Hartgerink et al., 2002) or use in
conjunction with other strategies may potentially further en-
hance its therapeutic efficacy (Thuret et al., 2006). Optimization
of other characteristics of the material, such as its half-life in vivo
and its mechanical characteristics, may also enhance its biological
activity.
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